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CROSS RELAXATION BETWEEN THE SPIN LEVELS OF PHOSPHORESCENT

l,2,4,5—TETRACHLOROBENZENE AND PH GT OCHE MLCAL PRODUCTS OF THE

DURENE HOST

William M. Pitts and M. A. El—Sayed
Department of Chemistry~
University of California

Los Angeles , Cal ifornia  90024

ABSTRACT

A t cer tain magne tic f ie lds , intensity changes have been observed in

the pho sphorescence of l ,2,4,5— tetrachlorobenzene (TCB) doped in a single

crys tal of durene cooled to 1.6 K. These changes are found to result from

cross relaxa tion (CR) pr ocesses be tween the spin levels of the lowes t

triplet state of TCB and the spin levels of a photochemically produced spin

system . Experiments show that the presence of duraldehyde within the host

crystal of durene is important ~or the production of the observed photo—

produc ts.

Following the application of a magnetic field of the proper magnitude

and direc tion to induce CR , the phosphorescence in tens it y of TCB disp lays

an observable time behavior. There is a sharp rise in phosphorescence

intensity, followed by a fas t decrease and f ina l l y  a slow exponen ti al decay

to a new steady state , which is higher in intensity than that observed in

the absence of CR. Rate equations describir the time behavior of the

populations of the various spin levels are derived and solved numerically.

From the calculated triplet state populations as a function of time , it is

possible to calculate the time behavior of the phosphorescence intensity .

Results of experiments and calculations suggest that. the photoproduc t

responsible for the CR is a doublet spin system with a spin lattice relaxa—

tion time of approxima tely 18 seconds at 1.6 K.

Contribution \o . 38’~9
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any given experiment. Analysis of the decay curves has shown that the slow

decay is very nearly a single exponential (within experimental error) and

that with the maximum exciting ligh t intensities available in these

experiments the decay times to steady s tate ( T )  generally fall in the

six to twelve second range.

Even though a thorough s tudy of the intensity dependence has not been done ,

it has been observed that as the exciting light intensity is lowered (i.e.,

the steady state triplet concentration is decreased) Tss ge ts longer and

the steady state of 1
H (0 ,0)/ 10(0 ,Ø) reached is increased slightly. A

50% decrease in light intensity leads to a large increase in t (70Z—1 70Z

increases have been observed). This behavior is shown for a particular

case in Fig. 3. If the exciting light is held constant , it is found that

gets longer as time passes. This implies that T increases as the

concentration of the photochemical species involved in the CR grows. If

a high concentra tion of duraldehyde is presen t , the CR increases rapidly

- .  . H O
during irradiation and a maximum of I (0,0)/ I  (0 ,0) 2.20 is reached .

At this point the phosphorescence no longer displays the slow decay behavior.

Transient curves of pho sphorescence time behavior have been recorded

under two condi tions of changing magnetic field. In the firs t, the magne tic

field is changed d irectly from zero to 475G with a risetime estimated to be

25 msec. It is found that when the field is turned off after attainment of

a steady state and then turned back on quickly (< 1 sec), the full transient

behavior has recovered . This is no longer true when the field is increased

from-—’ 440G to 475G . The first time the field is increased there is a sharp

rise followed by the long derav to the steady state. However , when the

- _ -a__. - 
- -- . - . . 

- 
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field is decreased for a short period of time and returned to the CR maximum ,

there is no longer a decay. 1
H (0 ,0)/ 10(0 ,0) simpl y rises very quickly

to its steady state value and remains there. If the per iod between the time

when the magnetic value field is changed from the CR region to when it is

returned to the CR field is increased , the rapid rise recovers and the slow

decay is once again evident. This recovery time is on the order of 15

seconds in these experiments.

4. Theoretical Mode l for the  Dynamics of Cross Relaxation

For the purposes of this discussion we assume that we have a phosphorescent

molecule in a single crystal wi th a well defined orientation and known static

and kinetic parameters (see Fig. 1). There is a doublet spin system in the

crystal also. In a magnetic field the triplet has three energy levels and

a the doublet has two . In the absence of CR , the ra te equations describing

these two spin systems are well known . For the triplet

dN .
= K~ — k~

1
N . (i = N,A ,B) (1)

where N . is the number of sp ins per cm3 of triplet spin level i, K~ is the

• populating rate of the level and has units spins sec~~ cm
3 and k~ is the

total decay rate c o n s t a n t  of level i with units sec
1
. Since these experiments are

done at liquid helium temperature , the SLR between triplet spin levels has

been assumed to be much slower than either K
H 

or k
H
.

i i

The rate equations governing the doublet spin system are :

0
dN N -N
k ~~~~ k ( k= C ,D) 2

- ~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I~±i~~1~~~~

’ 
_ _ _  ~~
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where C represents the lower energy level of the doublet system and T1

the SLR time . N~ is defined by the Boltzmann relation

0N
D —1~E/kT

= e  (2a)

N°
C

wnere ~E is the energy separation between the spin levels , 
k is the Bol tzmann

cons tan t , and T is the absolute temperature . It will further be assumed

3
that for a given shor t per iod of time the number of doublet spins per cm

present in the crystal is a constant.

F N
C 

+ N
D

= N
~ 

+ N ° = N
R

If the magnetic field is adjusted so that two of the triplet spin levels have

the same energy separa tions as the double t spins , CR will be possible . Yoshida

et al.
8 

have shown that the probability that an upper sp in in one spin

sys tem will flip down in energy simultaneously as a spin in a second spin

sys tem flips up is given by the CR probab ility times the sp in popula tion in

the upper energy level of the first spin system times the population in the lower

state of the second. Using this relation and naming the lower energy level

of the two triplet spin levels involved in the CR i and the higher j ,  the

L E new rate express ions beco me :

dN .
= ~~ 

- k~
1
N . + k N .N - k N .N

dt i i i  CR 3 C  C R i D

— 

= K~ — kHN + kCRNiND 
- kCRNI

N
C

dN N°- N
k

dt 
— 

T

1 

C R I D  C R j C

0dN
D 

N
D

_ N
D -

dt 
— 

T

1 

- + kCR
N
j
N
C 

kCRN .\D

-- --- -, -~~~~-— 
- - - - . -: 

— - _-~ -_._ - - - ..-. - - 
- 

~~, •- - - I - - 
. - - . -

~
. - 

- 
- 
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where kCR is the effective CR rate constant and has the units cm
3 sp ins 1 see 1

.

The rate equation describ ing the third energy level of the triplet is unaffected

by the CR.

A solution of these coupled differential equations yields values for the

populations of each spin ’s level as a function of time . After a certain period
dN . dN. dN dN

of time ~~~~~~~~~ ~~~~~~~~~ ~~~ and will all be equal to 0. The sp in populations are

in steady states. A Fortran program for use with an IBM System/360 Model 91

computer has been written to numerically solve Equation (3) with the restraints

of Equations 2a and 2b. The input parameters requircd for the program are:

the spin populations of the spin levels at time = 0, the relative populating rates

and total decay rate cons tants of the triplet state , the sp in lattice relaxa tion time

of the doublet , an estimate of kCR~ 
the absolute temperature , and the energy

separation between the CR spin levels.

The effect of triplet spin population changes on the phosphorescence

intensity of a particular vibrational band can be found using this equation :

1
H( )  = ~ (

r
k
H
)(N ) (4)

i=l ~

r
k
H 
are the relative radiative rate constants of the triplet spin levels

to the vibration band v. If no CR is present , the N . are fo und by solving

Equation (1). If CR is occurring, Equation (3) is used for the two triplet

spin levels in contact with the doublet system and Equation (1) for the third .

In general , the populations will not be in a steady state and the phospho-

rescence intensity will be a function of time . The program described above

has been written to calculate 1
H ( )/ IO(~) as a function of time . I

H
(v) is

the t ime dependent phosphorescence in the magnetic field and I°(~
) is the

steady state intensity in zero field under the same excitation condition .

In order to do the calculations it is necessary to know the relative

radiative rates for the trip let sp in levels to the vibration level V.

p .-.. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I 

. - - ‘ . - - -.
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5. Calculations of Cross Relaxation Dynamics

The experimental results found for the dynamic behavior of CR give a

very good indication of the qualitative effect of CR on I
1
~(O ,O)/I0(0 ,O)

and its dependence on triplet and radical concentrations . If the rate

equations derived above are indeed correct , they should predict the experi-

mentally observed time behavior and dependencies on concentrations of

triplets and radicals.

Previously, it has been shown that the relative populating rates , total

decay rates , and relative radiative rates for the spin levels of TCB can

be calculated for a given magnetic field value .
9 These dynamic ra tes wer e

calculated for TCB substituted in a durene matrix with a field of 475 G

along the c ’ axis of the crystal. The Fortran program described above

was used in solving Equations (3) and (4). Since the concentrations

of triplets and radicals within the crys tal were no t known , the number of

total triplets in zero field was set to an arbitrary value and the populating

rates for the sp in levels normalized accord ingly. The concentra tion of

radicals was treated as a variable. Since the magnetic field was increased

from zero, the init ial concen tration of sp ins was ass umed to be equally

divided between the two levels (see discussion). T
1 

and kCR were chosen

in order to give general agreement with experimental results (i.e., a

H 0
rap id rise in I (0 ,0)/ I  (0 ,0) following applica tion of the field,

followed by a rapid decay, and finally a slow exponen tial decay to a

s teady state with higher phosphorescence intensity than predicted in the

absence of CR).

Fig. 4 shows the calculated time behavior of 1
H (0 0)/10(0 0) follow ing

the application of a 0 -
~ 475 ( field change. In all curves , except d , the

-.7 a.-~~~. - 
- 

— .— -
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total zero—field triplet population is set to the same arbitrary concentration .

In curve d the total triplet concentration is cut by one half. k
cR is given

values of zero (curve a) or a constant value chosen to give agreement with

experimental results (curves b—a). The total number of doublet spins are

chosen as the following multiples of the triplet concentration , curve b: 10,

curves a and d: 40, and curve a: 120.

An analysis of the calculated curves shown in Fig. 4 shows that they

do indeed exhibit the behavior found experimentally . The slow decays

are found to obey exponential relationships and calc ulated T are shownss
with each curve. It is clear that when the triplet concentration is

lowered, T and the steady sta te value of 1H (0 ,0 )/ 10(0 ,0) are

increased. If the concentration of radicals is increased to a number 8000 times

greater than that of the triple ts, there is no longer any slow decay and a

a steady state value of 1
H(0 ,0)/10(Q ,Q) = 2.48 is obtained .

Comparisons of experimental and calc ulated results for the dynamic

behavior show that there is general agreement between predicted and

observed behavior in regards to both decay time and the expected values

of 1H (0 0)/ 10(0 0) Calculated changes in magnitude and decay behavior

of 1H (0 0)/ 10(0 0) as the populations of the triplets and radicals are

changed are also in close agreement with experimental results. The Inaxi—

. ‘ mum experimentally observed value of 1
H
(Ø 0)/1

0
(0 0) = 2.20 is slightly

lower than the predic ted value of 1H (0 ,0)/1
0(0 ,0) = 2.47. This small

difference is probably due to an incomplete overlap of the triplet spin

system and that of the free radical at the ‘eriter of the CR. It thus

- 

- i - appears that the kine t ic ra te ex pressions der ived earl ier are an excellent

model to describe the dynamic behavior of CR between TCB triplet spin

levels and those of a doublet spin system substituted in the durene crystal.

0-

—. _~~. a~~~~~. — -—— — - —.--— ---- — 
—- . 

— - a_ - . - 
. - - . - .- -:.~ -

-- ~~~~~~~~~ — — -  - - -  — — .  —
~~~~~~~
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6. Discussion

The dynamic behav ior observed in CR is due to t he competition among the

various rate processes appearing in Equation (3). When the doublet concentra-

tion is sufficiently large to give an observable CR effect , bu t low enough to

assume that the triplet is not satura ted, there are three dis tinc t regions of

the TCB phosphorescence intensity ’s time behavior following the application

of a magnetic field at 475 C. These are : 1) a very rapid increase to a maximum

a fairly rapid decay to a lower I
Fl (O ,O)/ I0(0 ,O) ,  and a slow

exponential decay to a phosphorescence intens ity s teady state.

The rapid rise is due to new radiative rate parameters induced by the magnetic

field (T~~ gains some radiative charac ter fr om T~~) for the TCB triplets and the

rapid transfer of spin population from T
A 

to T~~ due to CR. Since such a rapid

rise is eAperimcntally observed , both must occur faster than the triplet populatir.g

and decay processes. The relatively fas t decay is due to the changed triplet rate

constants in the field. When the field is first turned on, the population of

the triplet is that which exists in zero field. However , as time passes the

triplet spin levels ’ populations begin to reflect the new populating and total

decay rates induced by the field , with the result that the total triplet popu—

lation decreases , mostly at the expense of T
N~ 

and there is a decrease in

phosphorescence intensity.
9 The quick rise and decay are observed even in the

absence of CR (see Fig. 4). The reason for the slow decay is not as obvious .

When the field is turned on , the CR begins immediately . Since initially N
~ 

= N
D

and 4N
8 

= N
A~ 

the net effect of CR is to flip TA 
sp ins down to TB and to

flip doublet spins from lower to higher energy levels. Meanwhile , the

relaxed triplets are disappearing (by decay) and new one-s are being

formed with the same populating rates as before . The only way that

t the double t sp ins can return to their lower energy level is by the

slow SLR process. As time passes , more and more sp in population builds 

— -—— - - ~..d 
- 

- . -- .- - 
. ‘-.. - S. - - — -

-— ~-~~~- ---
~~~~ - -_________
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up in the D level of the doublet system, the CR ra te decrea ses

and the SLR increases. Eventually , the net CR rate tak ing sp ins from

spin levels C to D will equa l the number of spins going from D to C

due to SLR. At this point , the intensity changes stop a’id a steady state

is achieved in which T
B 

has gained population and energy level D has

more spin population than predic ted by the Boltzmann distribution . The

time for the decay will vary with the rate of CR which is dependent on

both triplet and radical concentrations . This concentration dependence

explains the experimental and calculated behavior of 1H (0 0)/ 10(0 0) as

changes in the radical and triplet concentrations occur.

It should be pointed out that this qualitative analysis will only be val id

whet’ the SLR time is much greater than the triplet rate parameters. If the radical

* has a faster relaxation time the situation is reversed and it requires

slightly fewer radicals to induce large changes in the spin populations

of the triplet state. The dynamic changes in phosphorescence are expected

to occur on the order of time required to depopulate the triplet.

As an illustration , Fig. 5 (curve a) shows the predicted behavior for a

SLR time of 0.001 sec. The value of k~~ and the concentrations of doublets

and triplets are the same as those used for the calculation shown in curve

b of Fig. 4. Comparison with curve b of Fig. 4 shows that the time required

to reach a steady state is much less for the system where the radical has a

shor t SLR lifetime. Fig. 5 also shows (curve b) the effect of increasing k
CR

to a value five times greater than used for curve a and holding the other

parameters constant. The time behavior is only slightly altered , but the

- F steady state value of 1H(0 0)/10(0 0) is increased greatly . This is in

contrast to calculations where the SLR time is 18 seconds. In this case we

.. .. - 
.. . 

.

-—  
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find that an increase in k
CR causes large changes in the time behavior

of the phosphorescence intensity as well as the steady state value

of 1H(0,0)/10(Q ,0)~ In most of the other experiments reported 2 6 , the CR

appears to have induced “permanent” changes in the triplet populations as long

as the magnetic field was set to the proper value . In other words , the SLR

rate of the species interacting with the triplet is fast enough to cause a

long term change in the triplet population . The major exception is the decay

of the CR induced phosphorescence increase observed by van der Waals and co-

workers2’3 for benzophenone and hydrogen atoms. This is clearly a case where

SLR cannot overcome the populating rates of the triplet and the size of kCR .

As discussed earlier, when the phosphorescence intensity at the CR field

has reached a steady state and the field is then decreased to zero , there

is no “memory” of the steady state If the field is quickly turned back

on. A~ .arent1y, the doublet quickly loses all “memory ” of spin alignment

in zero field where there is no longer an energy separation be tween

the spin levels. On the other hand , when the field drops to 430 C the spins are

able to follow the energy change to the slightly decreased energy separation.

Therefore, when the field is turned back on quickly, the doublet spins are

still in a CR steady state distribution and only the steady state intensity

is observed. If the changing magnetic field doesn ’t induce spin transitions ,

the recovery of the slow decay behavior should give a direct measure of the

SLR time of the radical at 430 G. This should be very similar to the SLR

time at 470 G. As noted before, the experimentally observed recovery

:‘~ 
time was 15 seconds, which is in close agreement with the value of

18 seconds used for the SLR t ime in the calculations.

In this work , it has been demonstrated that the dynamic behavior

of CR involving phosphorescent triplets and other spin systems can be

a -  -
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s tudied and described by rate equations . These types of studies should

be able to yield valuable experimental information concerning spin systems ,

spin—spin interactions , and low temperature photochemistry.

By monitoring the phosphorescent changes induced in the phosphorescence

of a triplet state molecule by a magnetic field , it is possible to f ind SLR

times of free radicals or o ther spin species without doing ESR experiments.

Long SLR times can be difficult for ESR to measure due to saturation problems .

A second use of the CR phenomenon could be the moni toring of photo—

chemical spin species produced in organic crystals . As shown here , it is

possible to observe doublet systems produced photochemically in a durene

crystal and estimate their population relative to the number of triplet

spins present. By concentration studies of the type described above ,
/

it is possible to deduce the impurities responsible for the photochemistry .

There has been much interest in such photochemical reactions at liquid

helium temperatures and CR should allow the detection and perhaps even

the characterization of such radicals. Finally, if it is possible to

determine the concentration of one of the species involved in the CR , it

Is then possible to derive expressions describing the average separation

between the free radicals and the triplet state . The average separation

between free electrons and free radicals in organic glasses has been

obtained in this manner by Lin et al.8 Similar measurements in

triplet systems would aid grea tly in detailing the mechanisms of the

photochemical processes which produce free radicals or other spin

systems in organic single crystals.

a ‘ - - , -
-
. -
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7. Experimental Methods

The crystals used in this study were grown by the Bridgman method using zone

refined durene doped with either recrystallized TCB or TCB and duraldehyde

synthesized by the technique of Fischer.
14 

These studies were conducted in

a liquid helium cryostat pumped to 1.6 K. Magnetic fields were generated

either by an external electromagne t or by an internal superconducting magnet.

The magnets, spectrometers, and electronic detection systems have all been

described previously .9 The only modifica tion which has been made is to place

a set of Helmholtz coils within the 6—inch electromagne t field gap. These

coils are produced from ten turns of copper wire and by passing a current

through them allow rapid modulation of the external field. The rapid changes

in field are produced simply by turning on and off the power supp ly for the

superconducting magnet for the 0 -÷ 475 C change or the power supp ly for the

modulation coils within the electromagnet for the 430 C -
~ 475 C change . In

both cases the estimated rise time is 25 msec. The time behavior of the

phosphorescence intensity is either recorded directly on a strip chart

recorder or retained in the memory of a CAT (computer averaged transients)

which is triggered by turning on the magnetic field.
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Figure Captions

Fig. 1 The various rate processes of a phosphorescent triplet state and a

doublet system . The actual energies and relative rates and rate

constants shown are for TCB doped in durene and radiating to the 0,0

vibrational level. A magnetic field of 475 C is along c ’.

Fig. 2 Experimentally observed steady state values of (0,0) / 1
0(0 ,0)

for TCB doped in durene as a function of magnetic field

along the c’crystal axis. Both sets of measurements were taken

af ter four hours of irradiation with the isolated 3l30A hand of a high

pressure mercury lamp . The upper plot is for a crystal doped with .0054 MIM 
—

of duraldehyde and the lower is for a cry stal w ith no added

duraldehyde . The bottom portion of the figure shows the field behavior

of the 2E energy separa tion of TCB ’s lowes t triplet . Dashed and solid

lines refer to the field location expected for CR involving the various

spin levels of hydrogen atoms and a doublet system , respectively. The

three lines corresponding to CR with a doublet system refer to triple ,

double and single double t sp in flips , with the multiple spin flips

occurring at the lower field values.

Fig. 3 Experimentally observed time behavior of TCB phosphorescence following

the app l ication of a 475 C field along the c’ axis of durene . Both

curves were taken for the same crystal , but in the upper a 50% trans-

mission neutra l density filter i-las been placed in the beam of the

excitation source.

Fig. 4 Calcula ted time behavior , using Equations 3 and 4, o f TCB phospho-

rescenc e Intensi ty following the application of a magnetic field at

time = 0. Curve a shows tho behavior in the absence of CR.  For t he

remaining curves kCR is g ivt-n an appropriate nonzero value and the SLR

time of the doublet is taken as 18 seconds. The relative concentrations of

triplets and radicals used for each curve are described in the text.
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